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ABSTRACT

A study has been made of the theoretical and
applied problems associated with the design of
a parametric amplifier antenna in coaxial dipole
form. An analysis Is made of the coaxial interior,
which serves to provide the resonances needed for
parametric amplification, and an expression is
derived for the complex Impedance seen by the
varactor diode In terms of the Inner co-axial
geometry,the relative electrical length of the
output loop,the receiver input resistanoe and an
adjustable terminating reactance. This latter
element permits the tunin6 of the system for a
desired pair of signal and idler frequencies.
A completed tuning and bias system for a quarter-
wave dipole at 108 No. is shown.

1i
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The Invention and Initial development of the parametric amplifier

antenna was arriled out with the support of the Air Force Cambridge

Research Laboratorlon,gleotronlo Research Directorate, as a portion

of the work performed by members of the staff of the Department of

XleotriOal Sagineering, University of New Hampshire under contract

AF19(607)-3892. Initial phases of this work were presented in

Scientific Report #2 and #3 and in the Final Report prepared under

this contract as well as In a number of other publications! From

a rudimentary beginning the amplifier antenna has progressed through

numerous steps of evolution both In physical design as well as in the

development of technique. The circuit design problems have been those

common to most parametric amplifiers; the need to embed a varaotor

element Into a mutually compatible configuration of circuit elements

which provide Independent resonant loops for the signal frequency

and the idler which are common to the diode, while at the same time

allowing efficient access to the diode for the pump signal. To this

we have added, In the case of the "parant" the need to Integrate these

designs within the confines of a free half-wave dipole or a grounded

quarter-wave dipole.

The present contract for which this is the first Scientific Report

provides direct support for the further development of this novel form

of low-noise amplifier. In line with the basic concern of the previous

contract in the reception and analysis of satellite signals , initial

parametric amplifier antenna work was carried out at 54 Mo. using a

grounded quarter-wave dipole and at 108 Me. with a half-wave dipole.

In either case the signal frequency was such as to require partial

lumped and partial distributed tuning networks while the Idler frequency

1
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circuits were dominated by geometrical and distributed parameter

considerations. Oirouit *onfigurations used for these early designs

are shown In the references. As was noted at that time excessive

1. oross-ooupling between signal and Idler tuning adjustments was noted

In addition to numerous oirouit complloations arising from the

need to introduce the pumping signal without serious Impairment to

the tuning and selectivity of the other circuits. It was not possible

to resolve these problems Into a satisfactory design prooedure beyond

an outline of the general objectives of circuit performance sine

the combinations of lumped and distributed circuit elements , assembled

In close proximity , could not be soaled to other frequency oombinations.

Technical problems associated with the introduotion of the pump signal

were largely eliminated by the addition of an additional small loop

at the ground plane end of the dipole as illustrated In the Final

Report.

With Inception on 1 February 1962 of the present contract para-

metric amplifier work has progressed In the following phases.

I. Development of a theoretical analysis of the coaxial dipole

(* and i wave) form of amplifier-antenns Inoluding

(a) linear,distributed circuit analysis of the coaxial

Interior region of the antenna Including the offects of

tuning and the output coupling mechanism and leading to

a general statement regarding the multi-resonant properties

of the region and their control.

(b) improvement and simplification of tuning procedures with

particular emphasis on methods useful over a wide frequency

range with only linear modifications.

(o) approximate calculations on the current distribution on

the exterior of the antenna cylinder and the proper length

2



for optimum silnal capture and transfer to the Interior

aotive amplifier.

(d) consideration of the coupling present at the Interface

between the etterior antenna and the Interior amplifier

and its relation to optimau varsetor operating Impedance.

11. Extension of the Integrated amplifier - antenna concept to

higher frequenoes through the use of ground plane slots

oombined with resonant cavities. This work to begin with

an exploration of possible slot shapes, looation of output

oouplin6 loops or probes, biashing use of parasitio sub-

oavities for idler storaSe.

i.

1
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T iTHE COAXIAL AMPLIFIE DIPOLE

I kEterior Antenna Surface

During the preliminary phase@ of the work on paramotrio amplifier
S~antennas the electrical length of the external antenna structure was

selected an the basis of conventional antenna practice to be slightly

less than X/2 for the 'half-wave" dipole and less than X'/4 for the

g grounded quarter wave structure. An empirloal relationship commonly

* quoted In this connection is the expression for the length

"L u 0.46 L/D X

D x dipole diameter

This expression asseumes that the antenna is resitively terminated

in a matched load at the center point. We have explored the current

distribution along a cylinder of finite diameter for the case In which

there Is no central load when placed in plane wave field polarized

along the axis of the antenna. Using the sucessive Integral approxi-

mations of King and Harrison a digital computer program (Fortran)

was written for use on the IBM 1620 for the calculation of axial

current distribution as a function of the relative total length of

the cylinder. This treatment of course assumed a simple oapaoitative

loading at the cylinder ends. Charge concentration at the ends of the

antenna can be calculated from derivative of axial current with respect

to axial position evaluated at the end points. To simplify the search

routine the Intended antenna diameter(l.5') and the operating frequencies

of 54•M. and 108Mo. were directly introduced Into a specific size term

during the computation. This resulted in a best length designation

of 0.238 )k for the quarter-wave antenna and 0. 468 X for the half

wave antenna. where the latter unit , since it uses the same diameter

cylinder Is relatively more stubby.
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SThe Outeut Coupling Rea•on

The long rectangular coupling loop used inside the coaxial region
7.
_ of the antenna produces a signifioant effect on the Impedance and

resonant behavior of this region as a whole. In order to determine

the available spectrum of resonanoes as well as the coupling efficiency

a study must be made of the effect of this region and how its physioal

and electrical parameters oan be included into the design of the

amplifier-antenna system.

The appearance of this coupling or Intersotion region is shown In

Fig. 1 and Fig. 2 . Neglecting for the present discontinuity effects

this region can be defined by reference to Fig. e . The larger dia-

meter center conductor is coaxial with the axis of the antenna cylinder

while the output loop is composed of the off-center conductor of

lesser diameter. The right hand boundary ef the coupling region

represents the lower or "ground* end of the quarterwave dipole. At

this plane (b-b') we have assumed that the center conductor ( trans-

mission line "A" ) Is terminated , with reference to the inner surfaoe

of the antenna cylinder, In a reactance X ; while the coupling loop

line (transmission line "B*) is terminated at this same plane In a

resistance R . The left boundary (plane a-a') of this region where

there is an abrupt transition to the simple single coaxial region

contains a radial short circuit for line "B* .

A discussion of the effect and Implications of coupled distributed

transmission lines was presented by Fuchs 3 as related to two wire

open lines and later extended by Karakash and Mode4to symmetrical

closed coaxial coupling. In this report It has boon necessary to

extend the latter treatment to Include the case of unequal character-

istlo Impedances in the individual lines. The characteristic imped-

ancos involved have been designated ZA and Z. and the continuous

5
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Fig. 1

Cut-away view of base of amplifier-antenna showing
"center conduotor and output coupling loop. It is
this lower bi-ooaxial region that is termed In this

"- report as the interaction or coupling section.

6
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Fig. 2

Cross-section of the ooupling region indicating the
termination of each line at the b-b' plane in imp-
edances X and R respectively. These are twoterminal
driving point Impedances with respect to the inner
surface of the coaxial region. The discontinuities
introduced by the vertical end portion of the loop
and the connectors used at b-b' have not been included
in the preliminary calculations of system resonance.
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distributed mutual inductive and capacitative coupling between them

as Zm .

For the steady state case with an assumed sinusoidal excitation

of constant frequency we can write a general form equation for the

voltage distribution in each line as,

VA " CASJe + 0,41J (1)

V*, C.eJe+ D.ieje (2)

£ A
IA8 ZSCA - ZMCS eje _ ZADA - ZmDa i-1e (3)

A A

where V A ZAZ (5)

u Z Z N

complex propagation constant

X , distance along line from plane b -b'

*.iplylng the boundary conditions stated above

0 e 0 at plane b - b'

VA = CA + DA (6)

IL ZA(CADA) + Z.MDo. C (7)

Ve Co+ Do (8)

Is a A(Co - Do) + Zm(DA C /A (9)

10



At plane b - b' the terminating Impedances X and R serve to

define the ratio of voltaSe and current in the two lines.

VA/A a X (10)

Vg/ll- R (11)

At plane a-a' - a

VA % CAOJ o + D o'l • v (12)

IA- ZnCA - ZwC, e10 - ZBDA -- ZuO| o~j# u, Js ('3)

A A

Von C641 0 + D .e'10  (14)

By the substitution of equations (6) and (7) into (10) and of

(8) and (9) into (11) we obtain two equations Involving the

four line amplitude parameters Ca , Cb ' Da and Db , the

terminating impedances and the length of the interaction region.

Together with (12) and (14) we have then four equations as shown.

0 0 0 eJ0 67i 0

vS SOI 0710• 0 0 DAI

a x
0 (XZ 3- A) -(XZ 3 + A) -XZ" XZM Ce

Q -RZN +RZM (RZA- A) "(RZA + A) Do

11
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The resulting solutions for the line constants will include the

"arbitrary magnitude VsI (15)

"ZA"A' . CA S [ J + NO,-
'A (ZSCA - ZMCB)ej 0- (ZIDA - ZNDI)e J 0

G+ , .Ji0 (16)
K k+ jk'

Where Za-a, as defined above is the impedance seen by line "A", and

g 8 A [2A'cos(20 -Z&X'Z,sln(20) -2A P] (17)

SA [2(X'RZAZI-X'RZ' )cos(2 0) + 2ARZAsin(2 0) + (18)

2X'RZAZI - 2X'RZ]

k • I 2ARZAcos(20) + 2(X'RZM-X'RZAZ9)sin(20) +
2ARZA7J-4Z AR (19)

' Z,[ 2AX'Zcos(20) + 2'',in(20) - 2AX'Z,] (20)

are the real and imaginary components of the numerator and

denominator as indicated in equation (16). In order to collect

the vector terms we have substituted

X - iX'

with X6 the positive or neg-Live magnitude of the reactance

terminating line "A" at plane ( b - b' ).

12
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-, ]Paragetric Analifier

To maximize the flow of ourrent in the varaotor at the signal and

idler frequencies it Is necessary that the varactor element see a con-

.* jugate reactance match at these frequencies, at the o-o' terminal

plane , as shown in Fig.-3 . The impedance Zo.-o is a function of

Zaa' as seen through the length L1 of line "A" which extends to the

left of the a-a& boundary of the interaction region discussed in the

previous section.

We will assume that the length of the Interior region , the sum

of L1 and L2 , is equal to external cylinder length L. It is mechan-

ioally possible to put plans b-b' at any point vithin the volume ,thereby

reducing the interior length or conversely one can introduce dielectric

materials which wouId increase its effective electrical length. In the

case of the grounded quarter wave dipole it would also be possible to

increase the coaxial region length by extending the antenna cylinder

below the ground plane. A considerable time was spent in the analysis

of such techniques with the conclusion that all suffered from a common

difficulty in accomplishing the adjustments required to allow for vari-

ations in varactors. The technique for the control and adjustment of

the resonance spectrum of the coaxial cavity through the selection of

a proper form for reactance X as presented in this and following sections

has proved to be simple,reliable and subject to close control through

direct measurements prior to final tuning steps.

Examination of the equations developed in the previous section

devoted to the coupling region confirm the expectations based on

magnetic field distribution considerations that at those frequencies at

which the output loop length is a half wavelength ( or multiples thereof )

the Impedance Za.la will be a pure reactance equal to X and there will

be no output at R

13



Fig. 3

Lateral oross-seotion of quarter-wave parametric
amplifier antenna dipole. The pumping signal input
loop has been omitted for clarity. It is about
20% the length of the output loop and loacted diametrically
opposite at the base of the antenna.
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In a number of oases in the following section specific design

parameters have arisen as a consequence of design oholoes regarding

component dimensions and the seloction of operation at 54 Mo. and

108 No. At this point in our work these values are not to be con-

sidered optimum selections or recommendations. We will endeavor to

Indicate these parameters as they arise in the discussion and how

values appropriate to other choices could be obtained.

As noted previously the relative antenna dipole diameter at the

operating frequency establishes the optimum length L. For the quarter

wave dipole this was 0.238%• . The size of the output loop and in

particular Its length L2 is determined by (a) the need to provide

adequate output coupling of the amplified signal and (b) the need to

minimize coupling to the idler resonance mode. If we choose an idler

frequency (fl) at five times the signal frequency (fe) then,

L : .21s * - .190,\i

L, lagAs = .690xi

Lt 10 . A°sN = .50oAj

We now have the information necessary to proceed with the computation

of Za-a' using the equations on page 12. Since the value of Zo-o,

depends directly on Za-aS as seen through the length of line "A*

L1 we can include this further transformation directly in our calc-

ulations.

16
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If we designate
0 a 0(t) electrical length of output loop

at signal frequency fe

a 2111.!
XG

and

o a e(s) electrical length of upper portion
of inner coaxial region at fs

a 27ML
X9

Using the values suggested on page 16

0%) 0 o.27W

G(S) a 0.276WT

z C) + ZAA(s) -Zton e(s)S
0-0' +jZA.-.X(8)t ( n RO(o)+jX.(S)

while at the idler frequency f,

0(i)-* iT

9(i) 1.38e1 for a similar calculation

of Zo_o,(i), using In both cases an assumed resistive load R of

50 ohms. For a range of values of X' from 2000 to -2000 ohms

we can determine and plot Xo(s) and Xo(l) as a function of XV.

With this information we can then proceed to determine the required

values for X' at the signal and Idler frequencies. Note that

ZA* , the lmpedance of the uDoer coaxial line Is not eoual to Zh.

17
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(a) Select a trial value of varactor capacitance Cv

Under actual operating conditions the effective capacitance

for tuning considerations will be a mean value of diode capa-

citanoe a . This will differ from the DC static value

for a specified bias point.

(b) calculate varector reactance at fs ,Xv(s) ;and at fi , Xv(i).

(o) determine that value of X'(s) so that

X.o-o'(s): -x•,(s)

(d) determine that value of X'(i) so that

4o-00(1) = " XvMl

It now remains to determine a circuit configuration which, when

connected to the "X" terminals as shown in Fig. 2 will exhibit these

Impedances X'(s) and X'(i). At the same time we must be able to

provide the desired DC bias to the varactor. These objectives have

been accomplished In the manner shown schematically in Fig. 4. A

commercial DC bias isolator "T* (Miorolab HW-02N) has been combined

with a length al of coaxial line and a variable capacitor Co

By the appropriate selection of the total effectIn line length

between the ground plane end of the coupling region and the lumped

. capacitor it is possible to meet the Impedance conditions noted above.

With a suitable correction for the RF fitting (modified BNC) at the

dipole base it Is possible to verify these impedance conditions

* using a bridge and slotted line prior to final tuning. Final

adjustment is achieved using a signal source set fe and a pumping

source set to ft + fs M fp . Starting with a low level of pump

power we mutually adjust Co and the DC bias for maximum gain, increase

and repeat.

18
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Fig. 4

Schematic presentation of the combination of
bicoaxial resonant region within the antenna dipole
and the combination lumped and distributed element
region required for tuning and bias connection.

19
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In accordance with the design considerations outlined in the

T preceding sections the antenna pictured in Figs. 5 to 8 was con-

struoted. The Interior coaxial region of the dipole was In the usual

*- form as shown In Fig. 3 with a small additional coupling loop added

- - for the pump signal input. This construction Is shown in detail in

Fig. 5 , 6 and 7 In the Final Report of Sept. 30 1961 for AF19(604)-3892.

S- The signal/idler tuning arrangement diagramed in FIg.4 of this report,

was fabricated In a cast metal base box enclosure as pictured In Fig. 5.

In the model pictured here a three section low-pass filter was included In

the signal output circuit. With Its critical frequency set well above

the signal frequency but below the idler It served to further prevent

loss of idler or pump frequency energy into the receiver. The filter Is

located inside of a partition on the left of the Interior of the box.

Fig.6 shows the tuning elements concerned with the determination of

the parameter X' ,as seen by the coaxial region through a modified

BNC connector, prior to final installation within the base box. The

system Is composed of the combined effect of the monitor "T" ( Microlab

HW-02N) , two right angle adapters(UG-306/U),BNC cable connector plug

(UG-88/U), a length of RG 58/U, a second UG-88/U. a right angle conn-

ector (UG-535/U) and a terminating variable air capacitor(MACP-50).

The units in this case were selected for convenient aasembly and were

suited to use In the frequency range of 108 Me. (signal frequency)

and 492 Mc( idler frequency). At higher frequencies the use of connectors

would be less satisfactory and this whole system could resolve into

a very simple strip-line structure , etched to approximate size and

tuned by dielectric or conductinF posts.

In the upper right of the inclosure can be seen a type N bulkhead
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F1i. 5

Enclosure at base of antenna showning signal/idler
tuning line and capacitor, output loop filter and
pump signal input. Standard BNC connector& are used
to connect the special tuning section to the center
conductor so that a preliminary measurement of this
Impedance (X) can be made before final assembly.
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-, Fig. 6

Coaxial tuning section and bias input "T" prior to
assembly in tuning box inclosure. The air capacitor
is located on the right.
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reoeptaole(UG-680/U) used for the amplified RF output. At the lower

end of the same side oan be seen the Miorodot reoeptaole(31-01) used

for the DC bias and a second UG-680/U for the pump signal input.

A top view of the lower portion of a quarter wave dipole is shown

in Fig. 7 • In operation the hexagonal head machine bolts which can be

seen on the flange base are used to support the dipole which is attached

-to the ground plane sheet

- - with the tuning enclosure

below the surface as shown

In the sketch at the right.

Preliminary adjustment of

the tuning sectioninvolving

the length of the cable section

and a tentative setting of the Fig 7

capacitor, was accomplished using a Hewlett-Packard VHF bridge.

As a consequence satisfactory operation was obtained by control

of bias and pump level alone. Operating gains of 8 to 14 db were

measured at 108 Mc. These results were not necessarily optimum

in terms of efficient pumping or noise figure. Our capability for

measurements in these two areas Is being improved and we expect to

include these important parameters In future design reports.

26



Fie. 7

View of the base of the assembled dipole and
tuninS unit.
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Cac.a • one
The calculations required for the determination of the XV term-

Ination of the interaction region to provide resonant reactance sond-

itions at the upper of the dipole have been Indicated as equations (16)

to(20) on page 12. These expressions involve simple,direct evaluation

but require a large number of computations for each finally determined

coordinate point. They have accordingly been programmed for machine

computation in the form of a table of Zo-o* values as a function of

V'. This table or series of tables correspond to a decision regarding

the relative length of the entire coaxial region and of the coupling

region, combined with information on the three geometrical parameters

representing the characteristic Impedance of the symmetrical coaxial

structure consisting of the center conductor and the inner surface of

* - the antenna cylinder, ZA; an asymmetric systems comprising the output

loop and the inner cylinder surface, ZB ; and the mutual impedance

-- between them, ZM .

Through a conformal transformation It is possible to determine an

equivalent two-wire-over-ground-plane configuration for a asqqAe

two wire coaxial line such as RG 22/U. From the former It is then

possible to compute the self and mutual Impedances . We have sought

to develop a modification of this transformation which would transform

- - the structure at hand to one subject to direct calculation. Pending

the outcome of this study for an explicit expression for the needed

parameters preliminary computations were made using estimated values

based on single wire systems and measurements of mutual capacity. While

indicating In a general way the validity of the approach, they are too

approximate for the needs of the low loss and hence high Q systems in

the present designs. In view of this limitation we have supplemented our

information on an actual antenna model by direct measurement of the
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existing pattern of resonant frequecies for various known terminations

of the "A" and "B" lines.

El A recent report by Matsumoto 5 has presented two new avenues for

further progress in this Important area. These are (a) his suggestion

of a transformation which presents an asymmetric bi-coaxial structure,

in which neither conductor Is on the central axis, equivalent to the

cross-section geometry which characterizes the antenna amplifier,

that is one central and one off center conductor, and (b) the presentation

of a multiple image solution to the self and mutual Impedance matrix.

It is anticipated that both of these contributions will be significant.

The latter,in allowing approximate solutions for structures of specific

design and the former In furthering the search for explicit forms needed

for optimization.
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STpe THE SLOT AMPLIFIER ANTENNA

The upper frequency limit for the practical application of the

coaxial dipole form of "parant" has not been explored in detail.

It would appear,howeverthat somewhat above 350 to 400 Mo. the

necessary physical size of a "thin" dipole would seriously complicate

the mechanical fabrication of the inner region and In particular the

"output loop. In view of recently reported copper-clad materials with

reduced loss at high frequencies It is possible that some form of

printed or etched configuration could extend this limit somewhat higher.

We have according considered other forms of antenna and in particular

the ground plane slot backed by a resonant cavity. This work is in

a preliminary stage and has involved the evaluation of input, output

coupling methodsdiode location and the use of parasitic cavities

or resonator arrays for idler storage. Slots used have been of the

typeshown in Fig. 9(a) built for experiments at 365 Mo. Measurements

have been made using the outdoor ground plane screen shown in Fig. 9(b)

This so-sen has been erected for this purpose on the rear wall of the

Engineering building at the University. Convenient access to the

rear of the slot and the cavity walls is possible through a laboratory

window as can be seen In Fig 9(o); which leads to a special research

area devoted to this work.
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Fig . 9(a) Test slot prior to mounting
Constructed of sheet copper the
slot aperture is / at 365 No.

Fi1 9(b) Twelve by twelve foot vertioal reference
ground plane shown an erected on the
rear vall of Kingsbury Hall. U.N.H.
A test slot Is In position near the
center of the plane.

Fig. 9(c) Interior view of ground plane shown In
Fig. 9(b) above showing ready access to
the rear terminals of the slot structure.
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CONCLUSIONS

A consideration of the elements involved in the effective design

of a parametric amplifier antenna in coaxial dipole form has lead to

an analysis of the impedance character of the interior region of the

antenna. In the dipole as presently used this region is characterized

"by a simple single center conductor coaxial line section in the outer

or end region and an asymmetric dual coaxial section In the center cr

lower portion. This interaction or coupling region involves mutually

coupled, distributed parameter lines and Is in effect a three-port.

The varactor diode views this region as a driving point impedance seen

through the upper port and rotated through the electrical length of the

upper line section. In order that the varactor , as pumped , be tuned

to the signal and idler frequencies a significant measure of control

must be had over the magnitude and sign of this impedance. Assuming

that the output loop Is most conveniently terminated In a simple

resistance equal to that of flexible transmission cable, control of

the reactance-frequency pattern at the remaining port will serve to

provide the necessary tuning adjustment ard inoldently provide access

for DC bias. Realization of this tuning reactance in the form of a

length of coaxial line terminated by a lumped capacitor has made a

significant improvement in the practical aspects of tuning.

Further work is now in progress to Improve our evaluation of the

self and mutuul impedances involved In the coupling section. While

conventional antenna theory has been used as a preliminary guide in the

selection of an antenna length a consideration must be made of the

perturbation In this value due to the active Impedance of the amplifier

and varaotor.
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